Background: Tight crosstalk between the circadian and immune systems has been reported in several inflammatory diseases. We hypothesized that
block Bmal1/Clock-mediated transactivation and thereby inhibit their own transcription. 6 Through these feedback loops, core clock genes generate rhythms of the expression levels of numerous proteins that lead to the rhythmic functioning of cells and tissues over a 24-hour period.
There is a growing body of evidence that supports the connection between the circadian clock and immune responses. [15] [16] [17] [18] First, it seems that there are links between circadian timekeeping and cytokine production. For example, spleen macrophages secrete IL-6 and TNF-a in a circadian manner in response to stimulation by a bacterial endotoxin, 19 and mice lacking Rev-erba display increases in CCL2 expression. 20 By contrast, mediators produced in the inflammatory response can, in turn, influence the function of circadian clocks. For example, TNF-a has been demonstrated to inhibit the expression levels of Per1 and Per2, 21 and exposure to IL-1b severely disrupts Cry1 and Per2 expression rhythms through an NF-кB-dependent pathway. 22 Therefore, it seems that there is a bidirectional or mutual influence between clock genes and inflammation. We hypothesized, in this study, that circadian timekeeping is perturbed in IBD and that bidirectional regulation between abnormal molecular circadian genes and inflammatory responses are involved in the pathogenesis of IBD.
MATERIALS AND METHODS

Study Participants
All experimental protocols in this study were performed in accordance with guidelines approved by the Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China). The study group consisted of 51 patients with UC, 39 patients with CD, and 42 healthy controls (HCs) that were referred to the Gastroenterology Department of Wuhan Union Hospital, China. The diagnoses of IBD were based on clinical, endoscopic, and histological criteria and the exclusion of infectious and systemic diseases. Clinical disease activity was assessed by a colitis activity index Mayo clinic score 23 or a simplified endoscopic activity score for CD (SES-CD). 24 Individuals with normal endoscopy and histology results served as controls. Participants' characteristics are outlined in Table 1 .
Preparation of Patient Mucosal Samples
Two biopsy samples from the inflamed mucosal sites of patients with IBD and the noninflamed tissues of HCs were taken during endoscopic examinations. One sample was for histological examination, and the other 1 was for gene detection. The biopsies were obtained within a 60-minute window at 9 AM. Biopsies for analysis were immediately stored at 2808C. Peripheral blood mononuclear cells (PBMCs) were obtained from heparin-treated blood by density-gradient centrifugation at 400g for 20 minutes after the addition of lymphocyte separation medium and stored at 2808C until analysis. PBMCs were obtained within a 30-minute window at 6 AM.
Mouse Model
The care of and experimentation with mice were performed in accordance with institutional guidelines under protocols approved by the Institutional Animal Care and Use Committee at the animal care unit. C57BL/6 mice purchased from the Experimental Animal Center of Wuhan University were grouphoused at the Animal Care Unit of Huazhong University of Science and Technology.
The effects of inflammation on the circadian gene expression profiles in vivo were detected in both acute and chronic colitis models. Acute colitis was induced by feeding the mice for 7 days 3% (wt/vol) dextran sodium sulfate (DSS; MP Biomedicals, LLC, IIIkirch, France) dissolved in drinking water. Mice in acute colitis and control groups were randomly divided into the following 5 subgroups according to the zeitgeber time (ZT) and mouse colons collected: ZT0, ZT6, ZT12, ZT18, and ZT24 (n ¼ 5 in each group). Another acute colitis model was induced by the intrarectal administration of 2,4,6-trinitrobenzene sulfonic (TNBS) acid (Sigma-Aldrich, Saint Louis, MO; 2.5 mg in 50% ethanol; n ¼ 7). Chronic colitis was induced with 4 cycles of DSS (2.5%) for 6 days per cycle and 9 days of normal drinking water between each cycle (see Fig. 1A , Supplemental Digital Content 1, http:// links.lww.com/IBD/B635; n ¼ 7, 15 for both control and chronic groups at the beginning of the experiment).
Two phase-shift models were used to detect the effects of phase shifts on the DSS/TNBS-induced acute colitis mice. A light/dark phase-shift model was created with a delayed time (6 hours) at which the lights were turned off every 1 week. During the eighth week, 3% (wt/vol) DSS ( Fig. 7A ; n ¼ 7) or TNBS (2.5 mg in 50% ethanol; n ¼ 7) was used to detect the influence of the light/dark phase shift on acute colitis. Restricted feeding is a powerful synchronizer, specifically for gastrointestinal clock genes, and is independent of the central clock in nocturnal rodents. 25 We conducted a 2-week time-restricted feeding model by restricting mice to food only between ZT0 and ZT12; water was available throughout the day. The control group mice were assigned ad libitum feeding. During the second week, 3% (wt/vol) DSS was applied to detect the influence of time-restricted feeding on acute colitis. Peritoneal macrophages were isolated as previously described. 26 In brief, normal mice were injected with 1 mL of 3% Brewer thioglycollate medium into the peritoneal cavity. Peritoneal macrophages were harvested 3 days after injection. Total peritoneal cells (2 · 10 6 ) were seeded into 6-well plates. The cells were allowed to adhere to the plates for 4 hours at 378C. Nonadherent cells were removed by gently washing 3 times with phosphate buffered saline, and adherent cells were used as peritoneal macrophages. Clock resetting in peritoneal macrophages was performed as reported previously. 27 Briefly, the medium was replaced with RPMI 1640 (Gibco-Life Technologies, Shanghai, China) containing penicillin/streptomycin and 50% horse serum (New Zealand source, Gibco-Invitrogen) 2 hours before baseline. Next, peritoneal macrophages were treated with lipopolysaccharide (LPS; 1 mg$mL 21 ; Sigma-Aldrich) for 1, 2, or 6 hours before being washed and mRNA extracted in TRIzol reagent.
Quantitative Reverse TranscriptionPolymerase Chain Reaction
Total RNA from biopsy specimens, PBMCs, mouse colons, and peritoneal macrophages were extracted with TRIzol reagent (Takara Bio Inc., Kusatsu, Shiga, Japan) and reverse-transcribed using High Capacity cDNA Reverse Transcription Kits (Applied Biosystems, Foster, CA) according to the manufacturer's protocol. Quantitative PCR analyses were performed on a Roche Light Cycler 480 System using SYBR Green Premix Ex Taq (Takara Bio Inc.). Relative mRNA levels were normalized against b-actin (for patients) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH, for mice). The primers used for the analyses are shown in Table 2 .
Western Blot
Protein lysates were prepared through the addition of proteinase and phosphatase inhibitors before use. Western blot analyses were performed using standard protocols. Immunoblot analyses were conducted using antibodies against NF-kB-p65 and p-NF-kB-p65 (Ser536) or STAT3, p-STST3 (Tyr 705) (Cell Signaling Technology, Inc., Danvers, MA), and GAPDH. Protein fractions were normalized to GAPDH.
Statistical Analysis
Statistical analyses were performed using SPSS version 17.0 and GraphPad Prism version 5. Patient data were presented as medians and 25th to 75th interquartile ranges as established with Mann-Whitney U tests. The association between circadian gene expression levels and other parameters was analyzed with Spearman's correlation coefficients (r). All data from mice were expressed as the mean 6 SD. The effects of acute DSS colitis and LPS on circadian gene expression profiles were analyzed with 2-way analysis of variances. The effects of phase shifts on DSS/TNBS-induced colitis were analyzed by 1-way analysis of variance. P , 0.05 was considered statistically significant. presented as medians and 25th to 75th interquartile ranges. The cycle passing threshold (Ct) was recorded for each mRNA, and b-actin was used as the endogenous control for data normalization. P values were calculated using Mann-Whitney U tests. *P , 0.05, **P , 0.01, ***P , 0.001; ns, not significant. FIGURE 2. Correlation between relative mRNA levels of circadian genes in mucosal biopsy specimens of patients with IBD, and disease activities assessed according to a Mayo score or SES-CD. P values were calculated by Spearman's correlation coefficient. Blue, patients with UC; Red, patients with CD.
RESULTS
Circadian Gene Expression Levels Are Reduced in Patients with IBD Compared with HCs
First, we analyzed clock gene expression levels in biopsy samples from inflamed mucosal sites of patients with IBD and noninflamed tissues of HCs. Expression levels of Bmal1 and Clock were significantly decreased in patients with IBD compared with HCs (Fig. 1A , B: Bmal1, P , 0.05 for CD, P , 0.001 for UC; Clock, P , 0.001 for CD and UC). Bmal1 expression was significantly lower in patients with UC than in those with CD ( Fig. 1A, P , 0.05) . Despite the feedback loop between Bmal1/Clock and Per/Cry, Pers and Crys were significantly reduced in inflamed mucosal sites of patients with UC compared with HCs ( Fig. 1C -F: Per1, P , 0.05; Per2, Cry1 and Cry2, P , 0.001). With the exception of Per1, Per2 and Crys were also significantly reduced in the inflamed mucosal sites of patients with CD compared with control ( Fig. 1C -F: Per2 and Cry1, P , 0.05; Cry2, P , 0.01). Similar to Bmal1, the median expression levels of Per1 and Per2 in patients with UC were significantly lower than those in patients with CD (Fig. 1C, D , P , 0.01 for both). Circadian gene levels in the mucosal biopsy samples correlated with Mayo score/SES-CD in patients with IBD.
After showing that the expression of clock genes was disturbed in patients with IBD, we compared circadian gene levels in mucosal biopsy samples from patients with IBD with disease activities. Significant negative correlations of Bmal1, Per2, Cry1, and Cry2 expression levels with the Mayo score were found in patients with UC ( Fig. 2A, D-F, P , 0.05) . By contrast, the correlation between Per1 expression and the Mayo score was significantly positive for patients with UC ( Fig. 2C, P , 0.05) . Clock did not exhibit any significant correlation with the Mayo score (Fig. 2B, P . 0.05) . Similarly, significant negative correlations of Bmal1, Clock, and Cry1 expression levels with the SES-CD in patients with CD were detected ( Fig. 2A, B , and E, P , 0.05). However, Pers and Cry2 did not exhibit any significant correlation with the SES-CD in patients with CD (Fig. 2C, D, and F, P . 0.05) . This result may have been due to the small sample size in our work.
Circadian Gene Expression Levels in PBMCs Are Reduced in Patients with IBD
We were also interested in circadian gene expression patterns in the PBMCs of patients with IBD. As illustrated in Figure 3 , all of the 6 core circadian genes were significantly reduced in the PBMCs of the patients with IBD compared with HCs (Fig. 3A-F, P , 0.05) . Unlike the gene expression patterns in biopsy samples, the median expression levels of circadian genes in PBMCs were almost the same between patients with UC or CD (Fig. 3A-F , P . 0.05). medians and 25th to 75th interquartile ranges. The cycle passing threshold (Ct) was recorded for each mRNA, and b-actin was used as the endogenous control for data normalization. P values were calculated using Mann-Whitney U tests. *P , 0.05, **P , 0.01, ***P , 0.001; ns, not significant.
Circadian Gene Expression Levels in PBMCs Correlate with Erythrocyte Sedimentation Rate and C-reactive Protein Levels in Patients with IBD
With the exception of Per1, significant negative correlations between circadian gene expression and erythrocyte sedimentation rate levels were observed in the PBMCs of patients with UC or CD (Fig. 4A, B, D-F, P , 0.05) . The Pearson correlation coefficient between Per1 and erythrocyte sedimentation rate was surprisingly positive in patients with UC (P , 0.05), but not significant in patients with CD (P . 0.05; Fig. 4C ). In another major finding, we also observed significant negative correlations of Bmal1, Clock, Cry1, and Cry2 levels with C-reactive protein levels in the PBMCs of patients with IBD (Fig. 5A, B , E, and F, P , 0.05). Although both were decreased in patients with UC, Per1 and Per2 showed the opposite correlation coefficients when they correlated with C-reactive protein levels (Fig. 5C , D, P , 0.05). Moreover, in patients with CD, Pers levels did not correlate well with C-reactive protein levels.
Inflammation Induces Changes in Circadian Gene Expression Profiles In Vivo
In mouse colons, a significant effect of DSS exposure was seen on expression profiles of Bmal1, Clock, Pers, and Crys mRNAs. As illustrated in Figure 6 , mice with DSS-induced acute colitis showed weight loss (Fig. 6A) , epithelial necrosis, architectural derangements, crypt abscesses, and diffuse lymphocytic infiltrate (Fig. 6B) . Under normal circumstances, all circadian genes exhibited circadian variations. In mouse colons, levels of Bmal1 and Clock mRNAs decreased between ZTs, ZT0 and ZT12, and increased between ZT12 and ZT18. Levels of Pers and Crys mRNAs increased gradually from ZT0 until ZT18, and then decreased after this to ZT24. After DSS exposure, the oscillation profiles changed substantially. With the exception of the altered oscillations of Per1 and Per2, a broad reduction in the basal expression levels of circadian genes was observed in DSS-induced colitis. Bmal1 and Clock levels were significantly decreased at ZT0, ZT6, ZT18, and ZT24 in the DSS-induced acute colitis group compared with the control group (Fig. 6C, P , 0.05) . The mRNA expression levels of the Pers were significantly reduced at ZT0 and ZT18 in the DSS-induced colitis group ( Fig. 6C , P , 0.05). Cry1 was reduced for the entire 24 hours, and Cry2 was reduced at ZT0, ZT12, and ZT18 after DSS exposure (P , 0.05; Fig. 6C ).
We also detected expression levels of the 6 main genes in the colons of DSS-induced chronic (see the expression patterns of the 6 core circadian genes compared with controls (P , 0.05).
LPS Exposure Changed Circadian Gene Expression Profiles in Macrophages In Vitro
In vitro, after LPS stimulation, Bmal1, Clock, Per1, and Cry1 mRNA levels in peritoneal macrophages significantly decreased within 2 hours (Fig. 6D, P , 0.05 ). Clock and Cry1 mRNAs remained at lower levels than those observed in the controls, even within 6 hours ( Fig. 6D, P , 0.05) . However, Per2 and Cry2 mRNAs remained unchanged within 1, 2, or 6 hours and when the concentration of LPS used was 1 mg/mL. Based on the altered expression of the core clock genes after DSS/TNBS exposure and LPS stimulation described above, we suggest that inflammation can alter circadian gene expression patterns.
Phase Shifts Make Mice Intestine More Susceptible to Inflammatory Damage
A light/dark shift model (Fig. 7A, described above) was used in our work to clarify the influence of central circadian disturbances on DSS-induced colitis mice. As illustrated in Figure 7 , phase-shifted mice were more susceptible to DSS damage with greater weight loss (Fig. 7B ) and more serious architectural derangements, epithelial necrosis, and diffuse lymphocytic infiltration compared with nonphase-shifted mice (Fig. 7C, D) . In addition, macrophages marked by anti-CD68 (Fig. 7E ) and the expression levels of IL-1b, IL-18, IL-6, TNFa, IFN-g, CCL2, CCR2, and iNOS mRNAs (Fig. 7F) , which had been confirmed to be involved in IBD, did not exhibit significant differences between nonphase-shifted and phaseshifted mice. However, after DSS exposure, the levels all of these proinflammatory mediators in the phase-shift + DSS group increased dramatically compared with the nonphaseshift + DSS group (Fig. 7E, F , P , 0.05). Furthermore, after detecting the protein expression of STAT3 and NF-kB, we found that the expression levels of p-STAT3 and p-P65 proteins were significantly higher in the phase shift + DSS mice compared with nonphase shift + DSS mice (Fig. 7G , P , 0.05).
We also examined the influence of the light/dark phase shift on TNBS-induced colitis to achieve a comprehensive assessment regarding the influence of clock disruption in the IBD model. As illustrated in Fig. 3 , Supplemental Digital Content 1, http://links.lww.com/IBD/B635, mice in the phaseshift group were more susceptible to TNBS damage as indicated by their lower rate of survival and the more serious histological damage observed (see Fig. 3B -D, Supplemental Digital Content 1, http://links.lww.com/IBD/B635, P , 0.05). Moreover, as we had found in DSS-induced colitis, inflammatory cytokine mRNA expression levels were higher in the phase-shift + TNBS group than in the nonphase-shift + TNBS group (see Fig. 3E , Supplemental Digital Content 1, http://links.lww.com/IBD/B635, P , 0.05). In addition to the light/dark phase-shift model, we confirmed our results in the disturbed peripheral clock animals using a time-restricted feeding model. As expected, after restricted feeding, mice became more susceptible to DSS damage. The histological damage observed was more serious in the restricted feeding + DSS group than in the ad libitum feeding + DSS group (see Figs. 2A and 2B, Supplemental Digital Content 1, http:// links.lww.com/IBD/B635). TNF-a expression significantly FIGURE 6 . DSS exposure in vivo and LPS stimulation in vitro altered circadian gene expression profiles. A, Body weight changes in DSS-induced acute colitis and control mice. B, Representative pathological findings for colons from mice with acute colitis and control mice (hematoxylin-eosin staining, magnification ¼ ·100). C, Relative mRNA expression of circadian genes in colons from mice with DSS-induced acute colitis and control mice during the ZTs, ZT0, ZT6, ZT12, ZT18, and ZT24. Data represent mean 6 SD (n ¼ 5). D, LPS stimulation altered circadian gene expression patterns in peritoneal macrophages. Peritoneal macrophages from C57BL/6 mice were isolated and cultured in the absence or presence of 1 g/mL LPS for 1, 2, or 6 hours. Relative circadian gene mRNA levels were detected by quantitative reverse transcription-polymerase chain reaction (qRT-PCR). Data represent the mean 6 SD (n ¼ 3). The cycle passing threshold (Ct) was recorded for each mRNA, and GAPDH was used as the endogenous control for data normalization. *P , 0.05, **P , 0.01. increased in the restricted feeding + DSS group compared with the ad libitum feeding + DSS group. However, unlike what we found in the light/dark phase-shift model, IL-1b and IL-6 mRNA levels were not different between restricted feeding + DSS and ad libitum feeding + DSS groups. This may be because 2 weeks were just a little short to induce a circadian disruption that could influence DSS-induced colitis in mice (see Fig. 2C , Supplemental Digital Content 1, http://links.lww.com/IBD/B635).
DISCUSSION
In this study, we revealed decreased circadian gene expression in patients with IBD. We also found that nearly all the circadian gene expression levels investigated correlated well with the disease activities of these patients. To identify bidirectional regulation between circadian disturbances and inflammation, we investigated the influence of inflammation on circadian gene expression levels, in vivo and in vitro, and the influence of circadian disturbances on colitis using phase-shift models. According to our findings, inflammation, both in vivo and in vitro, substantially changed circadian gene profiles. Moreover, circadian disturbance made mice more susceptible to inflammatory damage in IBD models.
We found abnormal circadian gene expression in patients with IBD and correlations between circadian genes and disease severity in this study. A genome-wide cDNA microarray analysis by Palmieri et al 28 revealed that Per1 was down-regulated in CD specimens, and, conversely, Cry1 was up-regulated in UC. The other 4 core circadian genes, i.e., Bmal1, Clock, Cry2, and Per 2, did not exhibit significant changes in UC or CD. Obviously, these results are quite different from ours. In terms of identifying the reasons for these discrepancies, we note that the valuable work by Palmieri et al measured gene expression levels only in inflamed and adjacent noninflamed areas of tissues from patients with IBD, FIGURE 7 . Light/dark phase shift made mice more susceptible to DSS damage. A, Mice were maintained under a normal light cycle (left, nonphase shift) or were subjected to perturbed light cycles (6-hour phase delay every 1 week, phase shift). Over 8 weeks, 3% (wt/vol) DSS was used for 1 week to induce colitis. B, Weight loss of mice that were previously subjected to normal or perturbed light cycles during DSS treatment. C, Colon length of nonphase shift mice, phase shift mice, nonphase shift + DSS mice and phase shift + DSS mice. D, Pathological findings for colons from the 4 groups described above are shown (hematoxylin-eosin staining, magnification ¼ ·100). E, Infiltration of macrophages, marked by anti-CD68, in the colons of the 4 groups was detected by immunohistochemistry. Magnification ¼ ·200. F, Relative mRNA levels of proinflammatory mediators were detected by quantitative reverse transcription-polymerase chain reaction (qRT-PCR). The cycle passing threshold (Ct) was recorded for each mRNA, and GAPDH was used as the endogenous control for data normalization. G, Western blot analysis of NF-kB pathway components p-p65 (Ser536), and STAT3 pathway components p-STAT3 (Tyr 705). Data represent mean 6 SD (n ¼ 7). *P , 0.05, **P , 0.01. ns, not significant. using noninflamed areas as controls. In our study, we recruited healthy volunteers as controls and found that patients with IBD displayed disturbed circadian gene expression, not only in the colon but also in the peripheral blood, compared with HCs. Another difference is that, because circadian genes exhibit oscillations, we obtained biopsies at 9 AM and harvested PBMCs at 6 AM; however, Palmieri et al do not state the times at which biopsies were obtained. Therefore, it may be that the results of these 2 studies may not be contradictory.
Of the few studies of circadian rhythms and IBD, most involve collecting clinical data. Patients with IBD who wake up due to the need for nocturnal stooling or abdominal pain usually endure sleep dysfunctions. 3, 29 However, it is currently unclear whether sleep disorders induce the beginnings of IBD or are, more likely, a potential factor for disease exacerbation. Further research on the link between circadian rhythms and IBD at the molecular and genetic levels is needed. There is a growing amount of evidence that supports the connections between circadian clocks and immune responses. In this study, we hypothesized that bidirectional regulation between circadian clocks and inflammatory responses are involved in the pathogenesis of IBD.
Mediators produced in the inflammatory response have been found to influence the function of circadian clocks in several immune responses and diseases. TNF-a has been demonstrated to inhibit the expression of Per1 and Per2 in mouse fibroblasts. 21 Moreover, exposure to IL-1b severely disrupted Cry1 and Per2 expression rhythms in cartilage. 22 In addition, endotoxin exposure in vitro caused profound suppression of circadian clock gene expression in human PBMCs. 30 Rather than injections of endotoxins, we challenged mice with DSS and TNBS in vivo, and with LPS in vitro, which we thought mimicked colitis conditions. Indeed, our work and the previous work of other researchers have yielded similar conclusions in that inflammation can influence the expression of circadian clocks.
Circadian clocks have also been reported to regulate immune activities. At the molecular level, it is thought that more than 8% of the macrophage transcriptome oscillates in a circadian fashion, and this proportion includes many important regulatory networks of the immune system. 19 Cytokines, such as IL-6, TNFa 19,20 and the differentiation of immune cells, such as NK cells, macrophages, B cells, 31, 32 and Th17 cells, 33 are regulated by circadian genes. To imitate a state of circadian disorder, we used 2 phase-shift models in this study. By challenging mice with DSS or TNBS, we found that circadian disorders made the mice more frangible to DSS or TNBS damage, with more serious inflammation of the colon. Similar to the findings of Castanon-Cervantes et al 34 in LPS-treated and phase-shifted animals, we detected higher expression of proinflammatory cytokines and chemokines in DSS-and TNBS-treated shifted mice compared with DSS-and TNBS-treated nonshifted mice. This suggests that circadian disruption is associated with an exacerbated immune response in colitis. Transcriptionally active NF-kB and STAT3 are thought to be involved in the circadian disorder-induced expression of cytokines. 35, 36 In our work, we also detected high levels of expression of p-P65 and p-STAT3 in the colons of the DSStreated and phase-shifted mice. It may be that these pathways mediate the disturbed circadian gene acceleration of the induction of inflammatory mediators.
Chronotherapy, which is mainly applied in cancer therapy, is a method of therapy that is based on the circadian rhythms of metabolic and biological behaviors and combines chronotoxic and chronoeffective data to promote the effectiveness and tolerance of a drug based on the choice of the optimal time of administration. 37 The circadian regulation of the immune system may suggest novel therapeutic approaches involving chronotherapy for immune diseases such as IBD in the future. 17 In conclusion, our study found disturbed circadian gene expression patterns in IBD. This suggests that bidirectional regulation between circadian disorders and inflammation are directly/indirectly involved in the physiopathology of IBD.
